Wattenberg EV. Palytoxin: exploiting a novel skin tumor promoter to explore signal transduction and carcinogenesis.
HISTORICALLY, INVESTIGATING the mechanisms of action of carcinogenic agents classified as tumor promoters has helped to reveal critical biochemical events underlying the process of carcinogenesis (36, 96) . In the multistage mouse skin model of carcinogenesis, the first stage, called initiation, typically involves activation of the oncogene Ras (8) . This is a rapid, irreversible stage that only requires a single application of an initiator, which is typically a mutagenic compound such as 7,12-dimethylbenz [a] anthracene. The second stage, known as tumor promotion, involves the development of benign tumors called papillomas (36, 96) . This stage requires repeated application of a tumor promoter over the course of several weeks. Reversing the order of application such that tumor promoter treatment precedes initiator treatment does not stimulate tumor development. Likewise, tumor promoter treatment alone is not sufficient to produce tumors. In contrast to initiation, the tumor promotion stage is prolonged and also reversible if tumor promoter treatment is ceased.
Although the multistage mouse skin model was developed in the 1940s, it remains a powerful model for understanding multistage carcinogenesis in humans (36, 56) . For example, activation of Ras through mutation is a frequent early event in human cancers (21) . The regulation of Ras activity is also disrupted by overexpression of growth factor receptors during carcinogenesis. The importance of tumor promotion in human cancer is illustrated by the long latency in the development of cancer and by examples of reversibility, such as decreased lung cancer risk after smoking cessation (67) . Tumor promoters are therefore excellent tools for revealing how expression of oncogenic Ras makes cells susceptible to the subsequent action of tumor promoting stimuli and for developing strategies to prevent tumor development. Certainly the identification of protein kinase C as the receptor for the prototypical skin tumor promoter 12-O-tetradecanoylphorbol-13-acetate (TPA; also called phorbol 12-myristate 13-acetate, PMA) helped establish that tumor promotion involves the aberrant modulation of signaling cascades that govern cell fate and function (65) . Palytoxin belongs to a class of non-TPA-type tumor promoters that stimulate signaling pathways that do not require protein kinase C (28) . The novel properties of palytoxin make it an intriguing tool for probing alternative mechanisms by which important targets in carcinogenesis can be modulated.
Palytoxin was identified as a skin tumor promoter in the 1980s in a screen to identify tumor promoters in the environment that differed in structure from TPA (28 -30) . Compounds isolated from various sources, including plant extracts, Japanese and Chinese spices, Chinese medicines, extracts of fungi, and marine products, were screened by a series of short-term tests that included irritation of mouse ear, induction of orni-thine decarboxylase in mouse skin, and adhesion of human promyelocytic leukemia (HL-60) cells. The compounds were tested for tumor promoting activity in the multistage mouse skin model. The tumor promoters were further classified as either TPA type or non-TPA type on the basis of their ability to bind to protein kinase C in vitro. This screen revealed that palytoxin, like TPA, was a skin irritant and a tumor promoter in the multistage mouse skin assay. In contrast to TPA, however, palytoxin did not induce ornithine decarboxylase in mouse skin and did not induce HL-60 cell adhesion. Furthermore, palytoxin did not bind to protein kinase C in vitro and was therefore classified as a non-TPA-type tumor promoter. Subsequent cell culture studies provided further evidence that palytoxin stimulates signaling pathways that do not require protein kinase C (85) . The apparent differences between palytoxin and TPA raised the following question: Do palytoxin and TPA induce tumor promotion by independent biochemical pathways, or do the distinct signal transduction pathways activated by palytoxin and TPA converge to modulate common targets that are critical for carcinogenesis? As discussed below, TPA and palytoxin can modulate common targets, although through very different mechanisms (82, 83) .
The structure of palytoxin alone suggests that it would interact with a different type of receptor than would phorbol esters (60) . Phorbol esters are relatively small, lipophilic molecules that can dissolve in cell membranes relatively easily and therefore interact with an intracellular receptor such as protein kinase C (65). Palytoxin is a large (M r 2,681), water-soluble polyalcohol isolated from zoanthids (genus Palythoa), which are closely related to sea anemones (60) . This type of molecule is more likely to interact with a cell-surface receptor. A broad range of studies indicate that the Na ϩ ,K ϩ -ATPase is a highaffinity cellular receptor for palytoxin (6, 7, 34, 73) . For example, ouabain, which binds to the Na ϩ ,K ϩ -ATPase, blocks palytoxin action in a variety of systems, including erythrocytes isolated from different species, human cervical carcinoma cells, and bovine adrenomedullary cells (34) . Conversely, palytoxin inhibits ouabain binding (34) . Most importantly, palytoxin stimulates potassium efflux in yeast engineered to express the mammalian Na ϩ ,K ϩ -ATPase but does not affect nontransformed yeast or yeast that express just the ␣-or ␤-subunit of the Na ϩ ,K ϩ -ATPase (73) . Although the binding sites for ouabain and palytoxin may overlap, these compounds have different effects on the Na ϩ ,K ϩ -ATPase. In particular, palytoxin appears to bind to the Na ϩ ,K ϩ -ATPase and transform this pump into an ion channel that transports sodium and potassium but has low permeability for calcium (6, 7) .
Although the interaction of palytoxin with the Na ϩ ,K ϩ -ATPase has been studied extensively, it remains possible that palytoxin can also act through other cellular receptors (25, 72) . For example, the observation that high concentrations of palytoxin (1 M) can stimulate the release of norepinephrine in the absence of extracellular sodium in a rat pheochromocytoma cell line led to speculation that under some conditions, palytoxin can directly increase calcium influx (81 Research on palytoxin action generally falls into two major areas. One broad class of studies focuses on how palytoxin affects ion flux, which is the immediate effect of this compound on the cell. Another broad class of studies, discussed later, focuses on subsequent cellular effects stimulated by palytoxin that may be related to tumor promotion. Palytoxin stimulates sodium influx and potassium efflux, and thus depolarization of the membrane, in a wide range of systems (34) . In excitable systems, palytoxin-stimulated depolarization can modulate calcium channel activity, resulting in a rise in intracellular calcium, which can then stimulate events that are regulated by calcium-dependent pathways. In muscle, depolarization stimulates calcium release and contraction. In vivo, palytoxin-stimulated depolarization can stimulate vasoconstriction, which can be lethal. In other systems, however, palytoxin can stimulate cellular events through mechanisms that do not require a rise in intracellular calcium (11, 86) . Furthermore, a rise in intracellular calcium can sometimes be a secondary effect of palytoxin-induced cytotoxicity (5, 86) . Extracellular calcium can increase palytoxin binding (34, 44, 87) . This could lead to misinterpretation of palytoxin studies that use calcium chelators.
Like other skin tumor promoters, palytoxin stimulates a wide range of cellular responses. The constellation of responses required for tumor promotion and the link between these responses and palytoxin-stimulated changes in ion flux still need to be established. Among the best studied palytoxinstimulated responses that are likely to play a role in carcinogenesis are stimulation of arachidonic acid metabolism and the production of prostaglandins (46, 59, 66) , modulation of the epidermal growth factor (EGF) receptor (84 -86) , and modulation of mitogen-activated protein (MAP) kinase cascades (38, 45, 82) .
ARACHIDONIC ACID METABOLISM AND THE PRODUCTION OF PROSTAGLANDINS
One of the cellular responses to palytoxin that is common to many skin tumor promoters is stimulation of arachidonic acid metabolism and the production of prostaglandins (46, 66) . Several lines of evidence (reviewed in Refs. 33, 53, 56) indicate that prostaglandins play a role in both multistage mouse skin carcinogenesis and human carcinogenesis. Furthermore, nonsteroidal anti-inflammatory drugs (NSAIDs), which inhibit prostaglandin synthesis, can block TPA-induced tumor promotion and are being investigated as potential chemopreventive agents to reduce cancer risk in humans (33, 53, 56) . Picomolar concentrations of palytoxin stimulate the production of prostaglandins in a wide variety of cell cultures systems, including rat liver cells (46) , rat and mouse macrophages (2, 66) , squirrel monkey aorta smooth muscle cells (49) , bovine smooth muscle cells, porcine and bovine aorta endothelial cells (47) , and BALB/c 3T3 mouse fibroblasts (59) . Although palytoxin stimulated the production of prostaglandins in primary rat keratinocytes (47), it did not do so in primary mouse epidermal cells (2). It is not clear whether this difference was due to a species-specific effect or a difference in the preparation and purity of the cell types used in the assays.
The observation that palytoxin and TPA have synergistic effects on arachidonic acid metabolism and prostaglandin synthesis was an early indicator that these tumor promoters stimulate different signaling pathways (46, 66) . Palytoxin is also synergistic with EGF, transforming growth factor-␣, transforming growth factor-␤, interleukin-1, insulin, and 1-oleoyl-2-acetyl-glycerol (46, 48) . This likewise suggested that palytoxin stimulates signaling pathways that differ, at least in part, from growth factor-stimulated signaling. Studies with cycloheximide indicated that palytoxin-stimulated prostaglandin production requires new protein synthesis (66) . Otherwise, these early studies did not fully explore the nature of the signaling pathways leading from palytoxin binding to arachidonic acid metabolism.
A more recent study investigated the role of prostaglandins in the tumor-promoting action of palytoxin through the use of an in vitro BALB/c 3T3 cell transformation model (59) . The cells were initiated with 3-methylcholanthrene and then treated for 2 wk with palytoxin or other agents. Transformed foci were counted as an indication of tumor-promoting activity. Nontoxic concentrations of palytoxin (0.4 -5.6 pM) increased the number of transformed foci. In this assay, palytoxin and TPA stimulated transformation to a similar extent. Palytoxin also stimulated the production of prostaglandins in this system. The NSAID indomethacin, an inhibitor of prostaglandin synthesis, blocked both the ability of palytoxin to stimulate the production of PGE 2 and PGF 2␣ and the ability of palytoxin to increase transformed foci. This study showed that palytoxin stimulated the phosphorylation of extracellular signal-regulated kinase (ERK), a member of the MAP kinase family of protein kinases. Indomethacin blocked the ability of palytoxin to activate ERK, which suggests that palytoxin activates ERK in this system through an autocrine mechanism that involves the production of prostaglandins. Altogether, these studies indicate that the BALB/c 3T3 system could be a very useful model for investigating the signaling pathways by which palytoxin stimulates the production of prostaglandins and for establishing the link between the interaction of palytoxin with the Na ϩ ,K ϩ -ATPase, or other cellular receptors, and palytoxin-stimulated arachidonic acid metabolism.
MODULATION OF THE EGF RECEPTOR AND PALYTOXIN SIGNALING
Another set of early studies revealed that the EGF receptor is a common target of palytoxin and TPA. The intent of these studies, conducted in Swiss 3T3 fibroblasts, was to use the regulation of the EGF receptor as an end point for investigating the signaling pathways stimulated by palytoxin and for comparing the action of palytoxin to TPA-type tumor promoters (84 -87) . Altogether, these studies supported the idea that palytoxin and TPA can modulate common targets through different mechanisms (85) . It had been established that TPA could inhibit EGF binding to a class of high-affinity receptors (27) . Although palytoxin, like TPA, could stimulate a loss of high-affinity EGF binding sites, palytoxin also stimulated a loss of low-affinity EGF receptors. Furthermore, in contrast to TPA, palytoxin could modulate EGF binding through signaling pathways that did not require protein kinase C (85) .
The observation that palytoxin stimulated ion flux in a variety of excitable and nonexcitable systems, together with the implication of the Na ϩ ,K ϩ -ATPase as the palytoxin receptor (34) , suggested that ion flux might play an important role in triggering palytoxin-stimulated signaling. Picomolar concentrations of palytoxin stimulated a loss of EGF binding under conditions where there was no increase in cytosolic calcium and thus indicated that a rise in intracellular calcium was not required for the effects of palytoxin on the EGF receptor (86, 87) . Although calcium appeared to enhance palytoxin binding, an influx of calcium in this system was typically associated with toxicity. Rather, this set of studies suggested that sodium influx played an important role in the ability of palytoxin to stimulate downmodulation of the EGF receptor (84, 86) . Palytoxin stimulated sodium influx in a manner that correlated with the loss of EGF binding in Swiss 3T3 fibroblasts. Conversely, ionophores that stimulate sodium influx could mimic palytoxin action. Further studies indicated that the effects of palytoxin on the EGF receptor were not due to common secondary effects of sodium influx, including membrane depolarization, changes in intracellular pH, or inhibition of protein synthesis (84) .
The mechanisms by which palytoxin-stimulated changes in ion flux downmodulate the EGF receptor have not yet been elucidated. Interestingly, UV light and high osmolarity trigger the clustering and internalization of membrane receptors for EGF, TNF, and interleukin-1 (69) . It has been speculated that these cellular stresses may affect receptor trafficking by stimulating a perturbation in the plasma membrane or inducing changes in protein conformation. It is possible that palytoxin stimulates the downmodulation of the EGF receptor through a mechanism that is similar to that induced by these other cellular stresses. Yet, the observation that palytoxin did not affect PDGF binding in Swiss 3T3 cells indicates that palytoxin does not stimulate the nonspecific endocytosis of membrane receptors (84) . Alternatively, palytoxin may trigger the downmodulation of the EGF receptor by altering proteinprotein interactions that are more specific to this receptor. As discussed below, recent studies have revealed that the Na 
MAP KINASES
A clue to the nature of the biochemical mediators of palytoxin-stimulated signals came with the observation that palytoxin can stimulate the activation of MAP kinases. A common theme that had emerged for the mechanisms of action of structurally diverse tumor promoters was the modulation of protein kinase cascades. TPA activates protein kinase C (65). The non-TPA-type tumor promoter thapsigargin activates ERK (17) , and another non-TPA-type tumor promoter, okadaic acid, modulates protein kinase cascades indirectly by inhibiting serine/threonine protein phosphatases (10, 80) . This raised the question of whether palytoxin-stimulated signals also could be transmitted through the action of protein kinases. Initially, a member of the MAP kinase family, c-Jun NH 2 -terminal kinase (JNK), also called stress-activated protein kinase or SAPK, presented a potential target for palytoxin action (44) .
MAP kinases are a family of serine/threonine kinases that play a central role in coordinating the transmission of various types of signals to the nucleus (reviewed in Refs. 16, 18) . Once activated, MAP kinases can translocate from the cytoplasm to the nucleus and modulate gene expression by phosphorylating various transcription factors. The three best-characterized members of the MAP kinase family are ERK, JNK, and p38. Distinct types of signals often activate different members of the MAP kinase family. For example, mitogenic agents, such as EGF and TPA, almost universally activate ERK. Stress-inducing agents, such as UV light and TNF-␣, typically activate JNK and p38. The activation of ERK, JNK, and p38 by specific signals and the role of specific MAP kinase family members in regulating cell fate and function can differ depending on the cell type, however (22) . For example, in neuronal cells, JNK activation, in the absence of ERK activation, stimulates apoptosis (90) . In other cell types, activation of JNK and p38 are associated with cell proliferation and protection from apoptosis. For example, activation of JNK is required for EGFinduced stimulation of growth and transformation of a human lung carcinoma cell line (12, 13) . In HeLa cells, expression of specific isoforms of p38 inhibits UV light-induced apoptosis (64) .
MAP kinases are regulated by the sequential activation of a cascade of protein kinases (16, 18) . Generally, a MAP kinase kinase kinase (MAPKK kinase) phosphorylates and activates a MAP kinase kinase (MAPK kinase), which then phosphorylates and activates a MAP kinase, which then phosphorylates cellular substrates. The best-defined MAP kinase cascade is the Raf/MEK/ERK pathway. For example, EGF activates the GTPase Ras, which activates Raf (a MAPKK kinase), which phosphorylates and activates MEK (a MAPK kinase), which phosphorylates and activates ERK (a MAP kinase).
Abnormal regulation of MAP kinases is likely to play a role in carcinogenesis. For example, in the mouse skin model, elevated ERK activity has been detected in TPA-induced papillomas and squamous cell carcinomas (76) . TPA-induced tumor promotion is also reduced in ERK-1 knockout mice (14) . Keratinocytes isolated from ERK-1 knockout mice were characterized by reduced expression of genes involved in cell growth and invasion, as well as reduced growth and reduced resistance to apoptosis. Elevated ERK activity also has been detected in several human cancers, including lung, colon, breast, melanoma, leukemia, and head and neck squamous carcinoma (3, 19, 37, 43, 71, 77) . Furthermore, oral administration of MEK inhibitors blocked ERK activity and tumor growth in mice implanted with human colon or pancreatic tumors (74, 75) . JNK and p38 also may play a role in carcinogenesis. Interestingly, depending on the context, JNK and p38 may act as either tumor suppressors or as pro-oncogenic signaling molecules (22) .
The idea that palytoxin might activate JNK was based on the observation that this MAP kinase family member could be activated by osmotic stress and that palytoxin could cause a type of osmotic stress by stimulating a dramatic change in ion flux through its interaction with the Na ϩ ,K ϩ -ATPase. Accordingly, picomolar concentrations of palytoxin stimulate sustained activation of JNK in Swiss 3T3 fibroblasts, the same cell culture model that was used to study the regulation of the EGF receptor by palytoxin (44) . These initial studies indicated that sodium influx, not calcium, was important in the activation of JNK by palytoxin, which was consistent with the results of the EGF receptor studies (86) . Work by another group subsequently indicated, however, that potassium efflux, as opposed to sodium influx, was key to the activation of JNK in rat fibroblasts (38) . In Swiss 3T3 cells, phorbol esters predominantly activated ERK, not JNK, whereas palytoxin predominantly activated JNK but not ERK (44) . These results were consistent with the observation that TPA stimulates mitogenic pathways, whereas palytoxin stimulates stress-activated pathways. Similar results were obtained in HeLa and COS-7 cells, two cell lines that are commonly used to study signal transduction (45) . These studies also demonstrated that palytoxin activated JNK through stimulation of upstream protein kinases. Like other MAP kinases, JNK is regulated by protein kinase cascades (40) . SEK1 (also called JNKK and MKK4) is a dual-specificity kinase that activates JNK through phosphorylation of specific tyrosine and threonine residues (20, 52, 70) . Studies conducted in COS-7 cells demonstrated that palytoxin activates JNK through a pathway that requires the activation of SEK1 (45) .
Many signals that stimulate JNK activation also stimulate the activation of p38, another major stress-activated MAP kinase. Accordingly, palytoxin is a potent stimulator of p38 activity in a variety of cell types (50, 83) . Interestingly, the pathway by which palytoxin stimulates p38 activity differs depending on the cell type. Three MAPK kinases have been identified that phosphorylate and activate p38. MKK3 and MKK6 specifically phosphorylate and activate p38 (35, 61, 78) . Under some conditions, SEK1 also can phosphorylate and activate p38 (20, 52) . MKK3, MKK6, and SEK1 are expressed in both HeLa and COS-7 cells (50). As expected, palytoxin stimulated the activation of all three MAPK kinases in HeLa cells. Surprisingly, palytoxin only stimulated the activation of MKK6 and SEK1 in COS-7 cells. In HeLa cells, palytoxin activated p38 through MKK6-and MKK3-dependent protein kinase cascades; SEK1 was not required to activate p38. By contrast, in COS-7 cells, palytoxin activated p38 through MKK6-and SEK1-dependent protein kinase cascades. Altogether, these studies indicate that palytoxin-stimulated signals couple to different protein kinase cascades, depending on the cell type.
The initial work that investigated the effects of palytoxin on MAP kinase activity suggested that palytoxin and TPA activate different MAP kinase family members. This was consistent with the observations that palytoxin and TPA initially trigger different types of signals. In COS-7, HeLa, and Swiss 3T3 cells, palytoxin predominantly activates JNK and p38 but not ERK, whereas phorbol esters predominantly activate ERK but not JNK or p38 (44, 45, 51) . Although JNK, p38, and ERK are often activated by different signals, the three major MAP kinases can modulate some common targets, such as the transcription factor Elk-1, which regulates the expression of c-Fos, and the AP-1 family of transcription factors, which are dimers made up of various combinations of Jun and Fos family members (4, 32, 41, 68, 88, 89) . Significantly, AP-1 appears to play a role in TPA-stimulated tumor promotion (95) . This suggests that MAP kinases may act as mediators through which the different signaling pathways stimulated by palytoxin and TPA can converge to regulate common targets.
The idea that palytoxin and TPA stimulate signaling pathways that converge to modulate common targets was explored by investigating the signaling pathways by which these two diverse tumor promoters stimulate the expression of matrix metalloproteinase-13 (MMP-13), an enzyme implicated in carcinogenesis (1, 24, 83) . These studies were conducted in a mouse keratinocyte cell line called 308 (79) . The 308 cell line was derived from initiated mouse skin and expresses activated Ras. It thus represents an excellent model for the likely target cells of skin tumor promoters in vivo. Surprisingly, and in contrast to the results of studies conducted in other cell lines, palytoxin, like TPA, stimulated ERK activity in 308 cells (83, 97) . Altogether, the results from these studies indicate that in initiated mouse keratinocytes, as opposed to several other cell types, the distinct signaling pathways stimulated by palytoxin and TPA converge to stimulate ERK activation, which results in the stimulation of several common downstream effects likely to be related to tumor promotion, including c-Fos gene expression, the modulation of AP-1, and the expression of MMP-13 (83, 97) . The significance of ERK as a common target for non-TPA-type and TPA-type tumor promoters is underscored by the studies, discussed above, that implicate aberrant regulation of ERK in human carcinogenesis.
The observation that palytoxin action on initiated keratinocytes differed dramatically from its effects on other cell types suggested that investigating the mechanisms by which palytoxin activates ERK in 308 cells might reveal new aspects of tumor promotion. In particular, these studies suggested that initiated keratinocytes express modulators of ERK activity, not expressed in other cell types, that are sensitive to palytoxin action. As discussed below, subsequent studies revealed that the ability of palytoxin to activate ERK is not a unique characteristic of keratinocytes, but rather a characteristic of cells that express oncogenic Ras (82) .
The major regulators of ERK activity are kinases and phosphatases. Like other MAP kinases, ERK activity is regulated through reversible phosphorylation of specific tyrosine and threonine residues (15, 18, 23, 42) . MEK is the dual-specificity MAPK kinase that phosphorylates and activates ERK. A family of dual-specificity phosphatases, called MAP kinase phosphatases (MKPs), which dephosphorylate both tyrosine and threonine residues, specifically dephosphorylate and inactivate MAP kinases, including ERK (15, 23, 42) . In contrast to palytoxin-stimulated JNK and p38 activation, which involves activation of upstream MAPK kinases, in 308 cells palytoxin does not activate ERK through direct stimulation of MEK (82) . Instead, these studies indicated that palytoxin increases ERK activity in 308 keratinocytes by inducing the downmodulation of MKP-3, an MKP family member that is highly selective for desphosphorylating and inactivating ERK (62) . Evidence that the mechanism by which palytoxin stimulates ERK activity is related to the expression of oncogenic Ras, as opposed to being specific to mouse keratinocytes, came from the observation that palytoxin stimulated ERK activity in H-ras MCF10A cells, a human breast epithelial cell line engineered to express oncogenic Ras, but did not activate ERK in the parental MCF10A cells, which do not express the Ras oncogene (82 (31, 82, 93) .
The observation that MKPs are highly expressed in cells that express oncogenic Ras suggests that cells may compensate for chronic activation of the Ras-stimulated pathways by upregulating phosphatases that constrain those protein kinase cascades (31, 93) . This type of compensation mechanism may contribute, in part, to the multistage nature of carcinogenesis. The observation that activation of Ras alone is not sufficient to induce tumors may be due, at least in part, to the ability of cells to compensate for the superactivation of Ras-stimulated signal transduction pathways by upregulating phosphatases that act as negative regulators of those pathways. Inactivating phosphatases would weaken this compensatory system and thus be an effective additional step, which would unleash such superactivated signaling cascades. Accordingly, studies suggest that MKP-3 is a tumor suppressor in human pancreatic cancer, where the frequency of Ras mutation approaches 90% (21, 31) .
Altogether, these studies suggest that MKP-3 may be a vulnerable target of palytoxin action in cells that express oncogenic Ras. The duration and magnitude of ERK activation has profound effects on cell fate and function (57, 58, 63) . For example, in mouse fibroblasts, prolonged ERK activation is associated with c-Fos stabilization and entry into S phase; these cellular events are not induced by transient ERK activation (63) . In PC12 cells, prolonged ERK activation is associated with differentiation, whereas transient ERK activation is associated with cell proliferation (57) . The contrasting actions of TPA and palytoxin in initiated keratinocytes illustrate two major mechanisms by which carcinogenic agents and events can shift the balance to favor phosphorylation and activation of ERK during early stages of carcinogenesis that involve oncogenic Ras. TPA represents a well-characterized mechanism, which is to further stimulate protein kinase cascades such that the rate of phosphorylation is greater than the rate of dephosphorylation (9, 97) . Palytoxin represents an alternative mechanism, which is to shift the balance toward phosphorylation by blocking the action of dual-specificity phosphatases that directly inhibit ERK activity.
In summary, palytoxin appears to be able to modulate MAP kinase signaling pathways by at least three major mechanisms (Fig. 1) . First, the BALB/c 3T3 model suggests that palytoxin can activate ERK through an autocrine mechanism that involves the production of prostaglandins (59) . Second, palytoxin can activate JNK and p38 through the stimulation of upstream protein kinase cascades (45, 50) . Third, palytoxin can increase ERK activity by disrupting the action of protein phosphatases that act as negative regulators of MAP kinases (82) . Further research is needed to determine whether palytoxin also affects MKPs that regulate JNK and p38.
CONCLUSIONS
Many questions remain regarding palytoxin-stimulated signal transduction and tumor promotion. One major challenge is to define the pathway that links the interaction of palytoxin with the Na ϩ ,K ϩ -ATPase to the modulation of MAP kinase protein kinase cascades. In terms of the modulation of MKP-3, palytoxin stimulates a dramatic loss of MKP-3 within 1 h (82). MKP-3 is a relatively unstable protein (54, 55) and thus a particularly vulnerable target for agents that block the production of this phosphatase. In rat fibroblasts, palytoxin appears to inhibit protein synthesis through a mechanism that requires potassium efflux (38) . Such a block in translation could explain how palytoxin induces the loss of MKP-3. Several MAPKK kinases have been identified that regulate the JNK and p38 signaling pathways (18, 40) . The role of specific MAPKK kinases and how their regulation might be coupled to the interaction of palytoxin with the Na ϩ ,K ϩ -ATPase remain to be determined. Studies conducted in HeLa cells indicate that UV light and osmotic stress activate JNK by stimulating the clustering, activation, and internalization of growth factor and cytokine receptors (69) . Palytoxin activates JNK through a pathway that does not require Ras (51) . Therefore, if palytoxin does stimulate JNK activation via the EGF receptor, it exploits an EGF receptor-coupled pathway that does involve Ras.
Recent work on the signaling function of the Na ϩ ,K ϩ -ATPase raises an intriguing question about the mechanisms by which the interaction of palytoxin with the Na ϩ ,K ϩ -ATPase modulates signaling pathways. In addition to acting as an ion pump, the Na ϩ ,K
ϩ -ATPase appears to interact with several major signaling proteins in the plasma membrane (reviewed in Ref. 91, 92) . Binding of ouabain to the Na ϩ ,K ϩ -ATPase results in the stimulation of the tyrosine kinase Src, transactivation of the EGF receptor, and increased production of reactive oxygen species. This, in turn, activates ERK, p38, phospholipase C and protein kinase C. Ouabain binding appears to alter the binding of the Na ϩ ,K ϩ -ATPase to signaling partners such that stimulation of the signal transduction pathways is independent of changes in ion flux. Although ion flux has been implicated in palytoxin-stimulated signaling, it is possible that palytoxin also can modulate the signaling capacity of the Na ϩ ,K ϩ -ATPase. There are some similarities between the signaling stimulated by palytoxin and ouabain, as well as some important differences. For example, in immortalized human bronchial epithelial cells (BEAS-2B), palytoxin stimulated increased DNA synthesis, whereas ouabain caused a decrease in DNA synthesis (11) . In this cell type, both ouabain and palytoxin stimulated the expression of c-myc, although with significantly different time courses, suggesting that they modulate gene expression through different mechanisms. Ouabain stimulated a rapid (within 2 h), prolonged increase in c-myc gene expression, whereas palytoxin induced c-myc gene expression after a delay of over 16 h. Ouabain, like palytoxin, can activate JNK through a SEK1-dependent, Ras-independent pathway in HeLa cells (51) . In HeLa cells, palytoxin could stimulate JNK and p38 activation to a greater extent than ouabain, whereas ouabain could stimulate ERK activation to a greater extent than palytoxin. Although palytoxin does not completely mimic ouabain action, it remains possible that palytoxin-stimulated signaling depends, at least in part, on modulating the signaling function of the Na ϩ ,K ϩ -ATPase. In conclusion, palytoxin has proven to be a useful tool for exploring alternative mechanisms of modulating key signal transduction pathways in carcinogenesis. The major challenge for future research is to establish the major steps that link the interaction of palytoxin with the Na ϩ ,K ϩ -ATPase to stimulation of MAP kinase cascades and other signaling pathways and cellular effects related to carcinogenesis.
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This work was supported by National Cancer Institute Grant CA-104609. Fig. 1 . Palytoxin modulates MAP kinase activity by different mechanisms. A: palytoxin may activate ERK through an autocrine mechanism that involves the production of prostaglandins. B: palytoxin can activate stress-activated protein kinases through the stimulation of upstream protein kinase cascades. Palytoxin activates JNK through a mechanism that requires activation of the MAPK kinase SEK1. Depending on the cell type, palytoxin activates p38 through protein kinase cascades that require the MAPK kinases MKK3 and MKK6. Although not depicted in this scheme, in COS cells, palytoxin also can activate p38 through a protein kinase cascade that requires SEK1. C: in cells that express oncogenic Ras, palytoxin can increase ERK activity by disrupting the action of MAP kinase phosphatase (MKP)-3, a dual-specificity protein phosphatase that specifically dephosphorylates and inactivates ERK.
